On-site greywater (GW) treatment and reuse is gaining popularity. However, a main point of concern is that inadequate treatment of such water may lead to negative environmental and health effects.
INTRODUCTION
On-site treatment of greywater (GW) is becoming a popular alternative source of water for non-potable uses, either as a measure to alleviate water scarcity or to increase the sustainability of domestic water use (Otterpohl et al. ; Nolde ; Friedler ) . Typical GW uses include landscape irrigation and toilet flushing, as well as wash-water for various purposes (e.g. car-washing and laundry) (Surendran & Wheatley ) . However, inappropriate GW reuse might negatively affect the environment and human health as it often contains considerable amounts of chemical and microbial pollutants (Ottoson & Stenström ; Travis et al. ) . Maintenance of single home GW treatment systems is usually performed privately (by the home owners) with limited (if at all) professional support. Therefore, unless these on-site systems are very reliable, environmental and public health might be compromised (Diaper et al. ) .
Identification and analysis of potential risks during the design of GW treatment systems is expected to improve their reliability. However, only a few studies have been performed on this aspect of GW reuse (Aizenchtadt et al. ; Friedler et al. ; Zapater et al. ) . Moreover, assessing the reliability and the mean time between failures (MTBF) would help to calculate the economic feasibility and assist in scheduling regular maintenance operations (Cullinane ).
GW treatment systems are composed of different components that can generally be classified into three categories: structural components (e.g. tanks and pipes), electro-mechanical equipment (e.g. pumps and valves), and elements related to the biological process (e.g. biomass). The reliability characteristics of these categories are different in nature. Therefore, analysis of the failure data of the GW treatment systems as a combined entity is needed.
The reliability of a system
Reliability is a characteristic of an item that is expressed by the probability that the item will perform as specified under the given conditions for a stated time interval. Quantitatively speaking, reliability defines the probability that no operational interruptions will occur during a stated time interval (Birolini ) . Therefore, the reliability of a GW biological treatment system should be represented by a probability that the system will produce treated GW effluent of a satisfactory quality during a stated time interval.
A failure is defined as an event whereby a system stops performing as required (Birolini ) , or for the purpose of this study, when the quality of the treated GW effluent is not satisfactory (e.g. does not meet the required standards) or when GW effluent is not produced (i.e. no GW effluent is available for landscape irrigation). In the case of a GW treatment system, most failures are considered repairable and it can be assumed that following the repair of a certain failure, the system is 'as good as new'. Failure is a random variable and can be described with statistical tools. The relationship between the reliability function R(t), the probability density function (PDF) f (t), and the cumulative distribution function (CDF) F(t) can be formulated as follows (Equation (1)) (Lazzaroni ):
The mean time between (consecutive) failures (MTBF) can be calculated by integrating the reliability function R(t) (Equation (2)) and the distribution of failures can be described by models such as normal, exponential, lognormal and Weibull distributions:
Research objectives
The aims of the current study were: (a) to identify potential causes for failures in GW reuse schemes and rank them in terms of the degree of possible impact on public health and the environment; and (b) based on these findings, to investigate the reliability of full-scale on-site recirculated vertical flow constructed wetlands (RVFCWs) in a large-scale case study (20 single-family homes).
METHODS
In order to assess the general reliability of biological GW treatment systems, the potential risks associated with such treatment were identified and characterised, and a failure flow chart was derived. The outcome of the risk characterisation analysis was verified on a large-scale study of GW treatment. Twenty RVFCWs were installed in single-family homes and the treated GW effluent was used for landscape irrigation. Each RVFCW system consisted of two 500 L plastic containers (1.0 m × 1.0 m × 0.5 m) placed one on top of the other. The upper container holds a planted three-layer bed, while the lower one functions as a reservoir. The bed in the upper container consists of a 5 cm top layer of woodchips, followed by a 35 cm middle layer of tuff gravel and a 10 cm lower layer of limestone pebbles. GW is pumped from a 200 L primary equalisation/sedimentation (collection) tank and applied to the top of the bed. From this point, GW drips through the bed into the reservoir (the lower container) through the perforated bottom of the upper container. From the reservoir, GW is recirculated to the top of the upper bed at a rate of about 300 L h -1 (Figure 1 ).
Further details about the systems can be found in Gross et al. () . During the construction of the systems, the failure-tree approach was adopted and the systems were designed with controls that ensured irrigation with treated GW of appropriate quality (i.e. quality that meets 'high quality' as defined by the Israeli guidelines for urban, recreational and industrial water reuse; Halprin & Aloni ). The systems were installed in three regions of Israel, differing in climatic conditions as follows: nine in the Northern and Central parts of Israel, which are characterised by Mediterranean climate with warm and dry summers, and cool and wet winters (average annual precipitation of 500-600 mm); three in the South Jordan Rift Valley, a semiarid-arid climate (average annual precipitation of ca. 200 mm); and eight in the central Negev desert, which is an arid region (annual precipitation of less than 80 mm).
The systems were installed and inoculated between July 2009 and April 2010. From May 2010 through to October 2011 (542 days or 1.5 years) the systems were monitored in the following manner: every 4 weeks each system was visited and scheduled maintenance work was performed according to a pre-defined checklist. On this occasion, samples of raw-and treated-GW were collected and taken to the laboratory for analysis of a variety of water quality parameters including the ones that appear in the Israeli water reuse regulations (Halprin & Aloni ) . During each visit a 'visit report' was filed for each system. Additionally, extra visits were conducted based on home owners' call, usually as a result of malfunctions. These visits were also documented, and the malfunction and its consequence was identified and described in a predefined format. The volumes of the treated GW reused for irrigation were recorded using water meters (ARAD LTD M25 1 00 ). Statistical analyses and the CDF F(t) were performed and plotted using JMP ® 8 software by the SAS Institute Inc., USA.
RESULTS AND DISCUSSION
Evaluation of risks and failure-tree derivation
The evaluation of the potential risks resulting from malfunction of various components of the system was performed by deriving a failure-tree for a general GW biological treatment system. The tree was divided into failures that result in the 'production' of treated GW of non-satisfactory quality for reuse such as high concentrations of chemical oxygen demand (COD), biochemical oxygen demand (BOD), total suspended solids (TSS) and high counts of microbial indicators; and ones that pose no such risk, such as failure to supply treated GW as a result of a pump breakdown (Figure 2 ). It should be stressed that the focus of the study was on failures that result in treated GW of poor quality. These were further subdivided into failures that cause non-compliance of chemical quality parameters (COD, BOD, TSS, etc.) , and failures that result in poor microbial quality (i.e. high counts of pathogenic and/or indictor microorganisms).
The failure-tree analysis revealed that five major factors can lead to failure in the biological treatment process, which can ultimately lead to compromised public health and negative environmental effects. These factors include: (1) high hydraulic and/or pollutant loads; (2) cross-connection or mixing between treated and raw GW; (3) penetration of toxic or inhibitory substances through the raw GW stream; (4) hydraulic problems (short circuiting, clogging, etc.); and (5) electrical and mechanical malfunction (e.g. pumps, mixers or blowers, motors, etc.).
The risk of mixing between treated and raw GW can be avoided by installing controls, one-way valves and using unique, designated colours for the piping of each stream. Raw GW inherently exhibits high variability of flows, pollutant loads and temperature (Friedler ) . By installing an equalisation tank for collecting the raw GW before the GW treatment process, these shock-loads can be smoothed considerably and the flow into the biological treatment stage can be kept relatively constant. It should be noted that the fixed-film biomass process can cope with this high variability more effectively than suspended biomass since high hydraulic loads can wash out the suspended biomass from the reactors. In order to eliminate failures caused by hydraulic problems, and mechanical and electrical malfunctions, a maintenance program should be implemented.
This failure-tree approach was adopted in designing the RVFCW systems and measures were taken in order to reduce potential risks. Controls were added in order to ensure that raw GW and treated GW do not mix, and that the hydraulic retention time would be sufficient. These adaptations improved the reliability of the system and ensured the production of high-quality treated GW.
Raw and treated greywater quality, failure reports, and statistical analysis
The major quality parameters of the raw or treated GW are summarised in Table 1 . The quality varied between households and over time, as expressed by the high standard deviations of the raw GW quality. For example, the systems operating in the North and Central region, and the central Negev region received raw GW of comparable quality, however, the systems operating in the South Jordan Rift Valley received raw GW of significantly higher pollutant loads (about 95, 85, 160, 40 and 95% higher, for turbidity, TSS, COD, BOD and methyl blue active substance (MBAS) respectively). The large variability in the raw GW did not have any significant effect on the quality of the treated GW, which was much more uniform for the duration of the experiment and usually complied with the Israeli effluent quality requirements (Halprin & Aloni ; Inbar ) .
In all of the 20 systems, only 39 failures occurred during the monitoring period (542 days). Only four out of the 39 failures that occurred (∼10%) resulted in irrigation with poor-quality under-treated GW, which could have led to some transient negative effects on human health and/or the environment. The remaining 90% of the failures did not result in any potential negative effects, since they did not affect the quality of the treated GW nor result in halting the irrigation.
The overall number of failures is presented in Figure 3 , categorised by 14 types and grouped according to the three climatic regions. Two systems out of 20 encountered seven different failures each, making them responsible for 36% of the overall number of failures. In as many as nine systems (45% of the systems), no failures occurred during the whole period. Although only three systems (15% of the systems) were stationed in the South Jordan Rift Valley, 15 failures (38%) were recorded there. This may stem from the fact that the GW in this region was more polluted, but further investigation is needed in order to confirm or disprove this hypothesis. In the central Negev region (eight systems), six failures (15%) were recorded, whereas 18 failures (45%) were recorded in the North and Central region (nine systems). The most frequent causes of failure were clogging and breakdown of the influent pump that conveys raw GW from the equalisation tanks to the treatment systems (each one occurred six times during the monitored period). Another cause of failure was due to unexplained or un-recognised electrical shutdown ('other electrical failure'), which also occurred six times during this period. Interestingly, technical and/or mechanical failures occurred more often than failures of the biological process (treatment), which is expressed in media clogging by biomass or sludge accumulation in the lower tank. This suggests that the process itself is much less sensitive than the equipment and that the microbial community in the Table 1 | Average quality characteristics of the raw or treated greywater of each region and the Israeli guidelines for unrestricted urban reuse and regulations of effluent reuse in irrigation (113) 112 (53) 156 (76) 139 (87) pH ( (182) 25 (40) 224 (222) 30 (16) 598 (543) 77 (50) 299 (326) 31 ( treatment unit can withstand short-term failures in the equipment. This observation coincides with a previous study demonstrating the resilience of the system to withstand disturbances such as high and low pH, high organic load, high doses of cleaning agents as well as mechanical failures such as pump malfunction (Zapater et al. ) . It should be noted that the systems were not serially made in a factory, but custom built in a small workshop and, as such, it can be expected that the number of technical failures should decrease significantly in serial production.
Cumulative distribution function of failures, reliability, and mean time between failures
From the collected data, a CDF of failures was plotted using JMP ® software (Figure 4 ). The Weibull model, which is widely used in reliability engineering, best represents this case study. The MTBF was calculated by numerical integration of the CDF plot according to Equation (2) ( Table 2 ) and was found to be 305 days (10 months), ranging between 336 days (11 months) in the central Negev region to 128 days (4.2 months) in the three systems located in the South Jordan Rift Valley. This MTBF is quite long and more than satisfactory when considering systems of this type, therefore it could serve as a guideline for deriving the maintenance program of similar systems.
CONCLUSIONS
In order to assess the overall reliability of GW treatment systems, an evaluation of the potential risks was performed, and a general failure tree was derived. The focus of the failure-tree was on failures that result in poor-quality treated GW that could exert transient environmental and public health risks, even when the systems appear to be functioning well. The failure-tree revealed few factors that can lead to malfunction of the biological treatment process of GW, and suggestions were made in order to avoid those crucial failures. These suggestions include: (1) using separate designated colours for treated GW and raw GW pipes to avoid the risk caused by mixing the two; and (2) installing controls such as one-way valves. By installing an equalisation tank for the collection of raw GW as the first step of the treatment process, the variability in quality and quantity of raw GW can be reduced significantly. In order to avoid failures caused by hydraulic problems (such as bed clogging leading to short circuiting), and mechanical and electrical malfunctions (e.g. pumps and filter clogging), scheduled (yet not very intensive) maintenance should be performed. The failure-tree approach was adopted by a large-scale GW reuse study during the design phase. In this large-scale reuse study, 20 full-scale RVFCW GW treatment systems were installed in single-family homes where the treated GW was reused for landscape irrigation. Over the course of 542 days (1.5 years), the failures of the RVFCW were monitored. It was found that the most frequent failures were related to the influent pumps, the circulation pumps and other electrical failure. These findings indicate that in such systems, failures that involve electrical-mechanical equipment occur more frequently than other failures. Only 10% of the failures recorded resulted in reusing poor-quality treated GW, while the other 90% of failures resulted in cessation of supply of treated GW effluent. Furthermore, it was determined that 10% of the systems were responsible for 36% of the failures, while in 45% of the systems no failure occurred during the entire duration of the study. The MTBF calculated, based on the collected data, was as long as 305 days (10 months). These results can be used to evaluate the health and environmental risks of treated GW reuse, and for the purpose of deriving a maintenance program for such systems. In summary, this study has presented important findings for 20 RVFCWs installed in single-family homes across Israel and has made a convincing case that it is a reliable and robust solution for on-site GW treatment.
